In recent years, silicon nitride (SiN) has drawn attention for the realisation of integrated photonic devices due to its fabrication flexibility and advantageous intrinsic properties that can be tailored to fulfill the requirements of different linear and non-linear photonic applications. This paper focuses on our progress in the demonstration of enhanced functionalities in the near infrared wavelength regime with our low temperature (<350 • C) SiN platform. It discusses (de)multiplexing devices, nonlinear all optical conversion, photonic crystal structures, the integration with novel phase change materials, and introduces applications in the 2 µm wavelength range.
deems SOI devices potentially inefficient for high power density and all-optical processing applications. As a result, there is an increasing interest in exploring flexible CMOS compatible materials with optical properties and refractive indices in between those of silicon and SiO 2 that can be introduced in photonic integrated circuits to complement the functionality and overcome the limitations of silicon. Some of the materials that have been considered for the near-infrared include hydrogenated amorphous silicon [4] [5] [6] , silicon oxynitride [7] [8] [9] and silicon nitride [10] [11] [12] .
Among these materials, silicon nitride (SiN) has gained significant attention not only due to its CMOS compatibility but also due to its flexible optical properties, that can be easily tuned during fabrication to fulfill the specific requirements of different applications. SiN has a wide optical band-gap that can be varied from 2.7 to 5.0 eV by increasing the N/Si ratio of the material. This widely tunable band-gap sets the bottom limit of the transparency window of SiN between 250 and 400 nm in the lower end of the visible spectrum, while the top limit extends all the way to the mid-infrared [13] , [14] . Similarly, the refractive index of SiN can be tuned between 1.7 and 3.0 by reducing the N/Si ratio of the material. Even though the refractive index of SiN is lower than that of silicon, it provides a good optical confinement (∼60-80%) with the advantage of having a higher tolerance to surface roughness and to dimensional variations in the near-infrared [15] , [16] . The thermo-optic coefficient of SiN (10 −5• C −1 ) is one order of magnitude lower than that of silicon resulting in spectral variations as small as 11 pm/ • C under variable temperature conditions [11] , [17] . Finally, SiN exhibits negligible two-photon absorption [18] at 1550 nm. All these features have made SiN an ideal candidate for the realization of a variety of photonic devices for linear and non-linear applications covering visible to mid-infrared wavelengths.
In this paper, we present our progress in the demonstration of enhanced linear and nonlinear functionalities in the near infrared wavelength regime with our low temperature (<350 • C) SiN platform with refractive indices between 1.5 and 2.7 [19] . We start by describing the linear and nonlinear properties of the platform. Afterwards, we discuss the use of the platform to demonstrate (de)multiplexing in the O band wavelength window, nonlinear all optical wavelength conversion and photonic crystal structures with enhanced nonlinear properties in the C band. We finalize by introducing the integration of SiN structures with novel phase change materials, along with the use of the platform for the 2 μm wavelength range. 
II. LINEAR AND NONLINEAR OPTICAL PROPERTIES
Silicon nitride is commonly used in the form of hydrogenated amorphous films. The composition of these films tends to depart from the stoichiometric N/Si ratio of 1.3 and is characterized by the presence of Si-H and N-H bonds [20] , [21] . These hydrogen bonds are particularly problematic in the near-infrared as they act as absorption centres that lead to undesirable losses [21] . In fact, N-H bonds generate an absorption peak close to 1550 nm within the C wavelength band [10] . As a result, SiN films are typically grown using high temperature processes (>1000 • C), such as low pressure chemical vapour deposition (LPCVD), that have the sufficient energy to break the hydrogen bonds and, so, enable the realization of devices with losses < 1.0 dB/cm [22] , [23] . However, the increasing interest in multilayer integration has led to the study of deposition methods that can provide a comparable material quality with temperatures compatible with CMOS back-end-of-line integration (<400 • C), such as plasma enhanced chemical vapour deposition (PECVD) and hot-wire chemical vapour deposition (HWCVD) [24] [25] [26] .
One alternative that has been explored to reduce the hydrogen available during the PECVD deposition process is a modified recipe that uses N 2 as a precursor gas instead of NH 3 . We have exploited this approach to achieve propagation losses < 1 dB/cm in the O-band (λ = 1310 nm) and ∼ 1.2 dB/cm in the C-band (λ = 1550 nm) for different N/Si concentrations with a maximum processing temperature of 350 • C [19] .
A. Tunable Linear Optical Properties
Reference [19] discusses in detail the experiments and characterisation techniques used to evaluate the effect of the deposition parameters on the optical properties of NH 3 -free PECVD SiN. The experiments show that most optical properties reflect mainly the changes exerted by the deposition conditions on the stoichiometry of the films. As a result, they are predominantly affected by the SiH 4 flow, which is the deposition parameter that has the greatest effect on their N/Si ratio. Fig. 1(a) shows that using this parameter the N/Si ratio of the films can be . Propagation losses measured for waveguides fabricated on NH 3 -free PECVD films with different N/Si ratios [19] . tuned between 0.6 and 1.6 to obtain either N-rich (>1.3), Sirich (<1.3) or stoichiometric (∼1.3) compositions. In a similar manner, Fig. 1(b) shows that the refractive index varies between 1.8 for N-rich layers and 2.6 for Si-rich layers within the tuning range of their N/Si ratio. As illustrated in Fig. 1 (c) and (d), the bond configuration of the films is also intrinsically related to their N/Si ratio. Si-rich and N-rich films tend to have a high concentration of Si-H and N-H bonds, respectively, that are responsible for undesirable absorption losses in the 1510-1650 nm ange [10] . In addition, Si-rich films have a high concentration of Si-Si bonds responsible for defects that can cause additional losses. On the other hand, stoichiometric films exhibit a minimal hydrogen incorporation (∼15%) compared to standard PECVD SiN (>20%) [24] .
Waveguides with widths between 900-1200 nm and lengths up to 1.7 cm were fabricated on 300 nm thick SiN films following the process detailed in Fig. 2 to investigate the effect of material properties on the linear optical losses (α) of the films in the O (λ = 1310 nm) and C (λ = 1550 nm) bands using cut-back measurements. The results indicated that the losses at both wavelengths are highly correlated with the N/Si ratio of the SiN films. Fig. 3 shows that propagation losses at 1310 nm decrease to < 1.0 dB/cm with increasing N/Si ratio and, so, N-rich layers exhibit lower propagation losses in the O-band. This suggests that losses at 1310 nm are limited by the Rayleigh scattering inherent to the structure of the materials. Hence, since Si-rich films tend to have more Si-H and Si-Si bond defects, they present higher losses in the O-band. On the other hand, propagation losses at 1550 nm reach a minimum value of 1.2 dB/cm close to the stoichiometric ratio N/Si = 1.33 following the hydrogen concentration of the films indicating that they are primarily the result of the absorption induced by the presence of N-H bonds. As a result, Si-rich films exhibit lower losses in the C-band due to the absence of N-H bonds in their structure, while N-rich layers have increased absorption losses.
As show in Table I , the losses at 1550 nm tend to be higher than at 1310 nm due to the presence of N-H bonds in the SiN films regardless of the deposition method. Nevertheless, the losses achieved with NH 3 -free SiN are lower than the best demonstrated with standard PECVD. On the contrary, the propagation losses at 1310 nm are only comparable to those of standard PECVD. This result demonstrates that the NH 3 -free approach considerably reduces the propagation losses of the PECVD SiN layers without high temperature processing. In fact, losses ∼1.2 dB/cm can be achieved at 1550 nm with stoichiometric films that have minimal hydrogen incorporation.
B. Tunable Nonlinear Optical Properties
In the same way that it is possible to significantly tune the linear properties of silicon nitride, it is possible to tune its nonlinear (Kerr response) properties allowing for unprecedented control over the design of Kerr-based all-optical signal processing components [28] , [29] . As shown in Section II-A, by increasing the quantity of SiH 4 during the deposition process of the material it is possible to achieve Si-rich SiN layers. Here, we report a comprehensive experimental measurement campaign, showing both the linear and nonlinear performance of three different Si-rich silicon nitride material compositions. The basic properties of the three layers, deposited on a thermal SiO 2 substrate, are shown in Table II . A set of fully-etched waveguides with different widths (ranging from 0.5-1.5 μm) were patterned onto the three layers and used for the experimental measurements. Grating-(for low power measurements) and tapered butt-(for high power measurements) couplers were also written to facilitate light coupling from external sources using optical fibres. The first set of measurements aimed at identifying the propagation loss of each structure by measuring the optical transmission power in different length waveguides (1-5 cm) using the cut-back method. In this set of experiments, coupling between optical fibres and waveguides was realized using grating couplers.
As presented in Fig. 4 , waveguides from Layers 01 and 02, exhibiting the lowest refractive indices, show the typical exponential dependence of loss versus waveguide width, with narrower waveguides experiencing higher losses due to a greater interaction between the optical mode and the sidewalls. The higher refractive index contrast waveguides written onto Layer 03 does not show this behaviour, and we attributed this to the fact that the optical mode is well confined within the waveguide core even at waveguide widths as small as 500 nm, making the light-to-sidewall interactions less prominent. These results highlight that PECVD Si-rich silicon nitride waveguides with propagation losses approaching 1.5 dB/cm were realized. Increased propagation losses were measured for waveguides grown on Layer 03 (6 dB/cm), see Fig. 4 (c)) revealing that an excessive Si content in the material composition led to reduced material quality. Since the loss results presented in Fig. 4 (c) did not show a significant dependence on the waveguide width, we concluded that the majority of the optical losses observed are due to material absorption [28] . It is widely recognized that one of the main drawbacks of silicon-based nonlinear devices is the strong presence of TPA-related effects. These effects limit the use of silicon devices to relatively low power levels, therefore reducing the device nonlinear efficiency. In [28] we have shown that silicon nitride layers can be properly engineered to show a high Kerr nonlinearity response, with no TPA-related effects, allowing waveguides to be operated at Watt-power levels. A systematic characterization of the nonlinear optical properties of the waveguides, fabricated in the three different layer compositions is presented in this section. The nonlinear response (third order nonlinearities) of an optical waveguide can be evaluated using the nonlinear parameter, defined as:
where n 2 is the nonlinear refractive index, A ef f the effective area and β T P A the TPA coefficient. The first term (also known as Reγ) of the equation represents the Kerr response of the waveguide and introduces a phase shift on the propagating light.
The second term (also known as Imγ) is the TPA response, that quantifies the strength of the power-dependent nonlinear losses imposed to the optical signal.
Reγ coefficients for the various waveguides were assessed by adopting a CW-FWM-based scheme [28] . The experimental set-up adopted for this measurement campaign is shown in Fig. 5 (a). A pump laser (set at a wavelength of λ p = 1550.11 nm, power ranging from 20 mW to 2 W before the waveguide input grating coupler) was amplified by a polarization maintaining Erbium-doped fibre amplifier (PM-EDFA) and was sent to an optical band pass filter (BPF) to remove the amplified spontaneous emission (ASE), originated by the EDFA. The BPF showed a 3 dB bandwidth of 0.078 nm and a 10 dB bandwidth of 0.145 nm. A fibre coupler (50:50) was used to combine the pump signal with a weaker CW light beam originated from a tuneable external cavity laser (ECL) and set at a wavelength of λ s = 1549.99 nm. The optical power of the signal beam (λ s ) was always kept at least 10 dB below the power level of the pump (λ p ). The two waves were coupled to the waveguide under test by means of grating coupler devices. FWM in the waveguide generated an idler at a new frequency and all waves were coupled back to a PM fibre through the output grating coupler. Spectra were recorded for different pump power levels, allowing the Reγ coefficients of the fabricated devices to be extracted, according to the following formula where P i (L) and P s (L) are the idler and signal power levels, measured at the output of the waveguide under test, respectively; P p (0) represents the pump power measured at the input of the waveguide, L ef f is the nonlinear effective length and η accounts for the phase-mismatch induced by chromatic dispersion. By placing the signal and pump beams relatively close to each other in wavelength (Δλ < 0.15 nm) the effect of dispersion can be neglected, thus allowing to consider η = 1.
The results in Fig. 6 showed that Layer ID 02 and 03 exhibit enhanced nonlinear Kerr response (an order of magnitude higher than Layer ID 01). The observed enhancement is due to the increased material nonlinearities [28] induced by the presence of additional silicon within the material matrix. Thus, by properly tuning the silicon content in the SiN layers, the Reγ coefficient can be made to approach values close to 30 Wm −1 at a wavelength of λ = 1550 nm. The imaginary part of γ was assessed using pulse-transmission experiments [28] . To perform this experimental campaign a fibre mode locked laser centred at 1550 nm with pulse duration of 0.5 ps and repetition rate of 20 MHz was used as a light source. In order not to impose any spectral shaping on the input pulses, a butt-coupling scheme was employed in this case. The TPA-coefficients of the various waveguides were assessed by measuring the average power at the output of the sample under test as a function of the input peak power. By assuming a hyperbolic-secant pulse temporal profile, the average output power can be related to the input peak power through the following equation 
TPA-coefficients (thus Imγ) were assessed using equations 3 and 4. The obtained results for three different waveguide widths (500, 700 and 1000 nm) are summarised in Table III . Results revealed that both SiN layers ID 01 and ID 02 do not show significant TPA effects, even when relatively high power levels (>10 W peak power) are used. On the other hand, when the silicon content within the SiN matrix is significantly increased (layer ID 03) TPA-related losses start to appear, thus indicating that this configuration is not suitable for high power low loss applications.
III. (DE)MULTIPLEXING
High-speed telecommunication requires wavelength division (de)multiplexing devices (WDM) with low insertion loss (IL), low cross-talk (XT), high tolerance to fabrication errors, and low sensitivity to temperature variations. SiN has surged as an alternative to fabricate WDM devices with improved performance and high tolerance to fabrication errors due to its smaller refractive index contrast compared to silicon [30] [31] [32] . It offers a good compromise between footprint and efficiency that enables achieving low IL and XT with relatively compact devices that are highly tolerant to temperature variations. In this section, we discuss the use of N-rich SiN films with a refractive index of 1.92 and thickness of 600 nm for the realisation of a 8-channel (de) multiplexer based on angled-multimode interferometers (AMMI) optimised for coarse WDM in the O-band (1260-1320 nm).
AMMIs have a lower channel count compared to arrayed waveguide gratings (AWG) and planar concave gratings (PCG). The interleaved AMMI (IAMMI) illustrated in Fig. 7 (a) distributes the resonant wavelengths of a Mach-Zendher interferometer (MZI) into two AMMIs to double their channel count [33] [34] [35] . Each of the AMMIs consists of a multimode dispersive waveguide of width W MDW with input/output waveguides of width W IO that are tilted at an angle θ t and tapered from their single-mode width to W a [35] , [36] .
The dimensions of the two 4-channel AMMIs summarised in Table IV were optimised to obtain a spectral response with channel spacing ∼20 nm, IL < 1 dB and XT < 15 dB using FIMMWAVE following the procedure in [37] . The axial positions of the 8 outputs (L i ) were calculated considering the interleaving condition given by equation (5) [33] .
For the MZI interleaver, 1 × 2 and 2 × 2 multi-mode interferometers (MMI) were optimised using Lumerical MODE Solutions to provide wavelength independent operation and IL < 0.1 dB in the O-band. Furthermore, the arm length difference of the MZI (Δλ = 46 μm) was calculated using equations (6) and (7) , so that its free-spectral range (FSR) and peak resonant wavelengths matched the channel spacing and output wavelengths of the individual AMMIs.
The devices in Fig. 7(b) were fabricated on 600 nm N-rich SiN films following the process outlined in Fig. 2. Fig. 8(a) shows the spectral response of stand-alone AMMIs compared to the spectral response of the MZI. Both the Δλ of the AMMIs and the FSR of the MZI have a mean value of 19.6 nm, while their central wavelengths differ in < ± 1 nm. Similarly, the spectral response of the AMMIs exhibits IL∼1.0-1.5 dB, a 3 dB bandwidth of 11 ± 0.5 nm, and XT between 15-30 dB across the 4 channels. This response matches closely the required specification and is also highly tolerant to fabrication and temperature variations with spectral shifts of 114 pm/nm and 18 pm/ • C, respectively. The spectral response of the IAMMI in Fig. 8(b) exhibits a Δλ ∼9.8 ± 0.3 nm with a deviation of <1 nm from the target wavelengths. The 8.0 ± 0.7 nm 3 dB bandwidth of the IAMMI is smaller than that of the stand-alone AMMIs due to the decreased bandwidth of the MZI, while its XT and IL increase to ∼12-20 dB and ∼3.5 dB. The major contribution to the IL are the losses of the MZI, whereas the non-uniformity ∼0.5 dB across the channels can be attributed to the peak mismatch between the individual AMMIs and the MZI.
The peak wavelengths of all the devices drift towards longer wavelengths when the temperature is increased between 20-60 • C as illustrated in Fig. 8(c) . The MZI suffers a shift of 15 pm/ • C, which is 3 pm/ • C lower than that suffered by the AM-MIs. We believe this is due to the greater mode overlap between the MZI single-mode waveguides and the cladding, compared to the multi-mode waveguides of the AMMIs. The temperature sensitivity of the final device ∼20 pm/ • C is only 10% higher than that of the individual AMMIs. Thus, the IAMMI is still a robust option for applications that require a high tolerance to temperature variations. Table V shows that the performance of both N-rich SiN AMMI and IAMMI is comparable with that of other SOI and SiN CWDM devices with the advantage of having a simple fabrication process, high tolerance to temperature variations and compatibility with multilayer integration due to the low processing temperature offered by the N-rich SiN deposition process. The most outstanding limitation of the IAMMI is the measured insertion loss, which is higher than typical values observed in other SiN CWDM devices due to the introduction of the MZI element. However, there is room to improve the performance of the device by optimising further the MMI and MZI elements to achieve lower loss contributions.
IV. ALL OPTICAL WAVELENGTH CONVERSION
Modern optical communications require advanced functionalities to be applied on complex signals at ultrafast speeds. All-optical signal processing techniques offer a route to the implementation of such functionalities thus alleviating the need to convert the signals into the electrical domain, and offering potential cost savings. The developed SiN material, optimized for nonlinear applications, has been employed to design all-optical wavelength converters, able to process intensity and phaseencoded telecommunication signals. In this section, we discuss the application of dispersion-engineered silicon-rich silicon nitride waveguides to the realization of wavelength conversion of a 16 Quadrature Amplitude Modulation (QAM) signal operating at 10 Gbaud (40 Gb/s). Bit Error Ratio (BER) measurements were carried out on the converted signal and revealed a power penalty of less than 1 dB with respect to the Back to Back (B2B) configuration. Continuous Wave (CW) measurements were also carried out on the device, indicating that the conversion bandwidth exceeded 40 nm and that no TPA-related effects were present, even at relatively high pump power operation (27 dBm). The waveguide configuration utilized in this work is shown in Fig. 9(a) .
The device was designed to operate as a broadband converter in the C-band. Numerical simulations were carried out to design waveguides with low dispersion and dispersion slope in this wavelength region. We opted for a waveguide width of 700 nm, which showed a zero dispersion wavelength of 1550.20 nm with a variation of the D parameter of less than 200 ps/nm/km across the whole C-band. The waveguide was fabricated following the protocols detailed in previous sections and had a length of 10 mm. The device included linear tapers to allow for coupling between the sample under test and tapered optical fibres. The coupling loss was 6 dB/facet, while the propagation loss measured using the Fabry-Perot fringes method, was 1 dB/cm. CW-FWM experiments were carried out in order to assess the conversion efficiency as a function of the injected pump power and conversion bandwidth. The results are shown in Fig. 10(a) and (b), respectively. The nonlinear parameter Reγ was assessed from the FWM conversion efficiency measurements to be 12.5 Wm −1 while the conversion bandwidth was flat across a 40 nm wavelength range around a wavelength of 1550 nm. No TPA saturation was observed (see Fig. 10(a) ), even when the pump power levels inside the waveguides exceeded 27 dBm.
The experimental set-up used to perform the wavelength conversion experiments is shown in Fig. 9(b) . A 16 QAM signal (40 Gb/s) was generated and combined with a CW pump by means of a 50:50 coupler. All components and fibers were polarization-maintaining, and both of the signal and the pump were linearly polarized (aligned to the slow axis of the fiber). The combined optical beam was then coupled to the silicon-rich silicon nitride waveguide, taking care to ensure that the slow fiber axis was aligned to the horizontal axis of the waveguide, thus only exciting the TE waveguide mode. The pump power coupled into the waveguide was 26 dBm (410 mW). At the output of the waveguide, the pump and the signal were filtered out using a tunable, 1-nm bandpass filter, while the converted signal was sent to the receiver. The RX system comprised a variable optical attenuator, a noise-loading unit and an Optical Modulation Analyzer (OMA), which allowed us to record BER measurements and constellation diagrams. Fig. 11(a) shows an optical spectrum retrieved after the waveguide propagation, revealing a conversion efficiency of −24 dB. In Fig. 11(b) we report on the BER results for the B2B configuration (blue circles) and converted signals detuned by 1 nm (red triangles) and 15 nm (green triangles) from the pump beam, respectively. In both cases, the measured BER curves of the converted signals showed a power penalty of less than 1 dB with respect to the B2B configuration. Fig. 11(c) shows constellation diagrams of the original and the converted signals at a BER = 10 −6 confirming the negligible signal degradation. 
V. PHOTONIC CRYSTALS
Two-dimensional photonic crystal (PhC) structures provide an effective way to tailor the propagation of light in a medium by introducing a periodic modulation of the refractive index [40] . In analogy with the case of crystalline solids, a periodic dielectric lattice enables a description of the light dispersion within the structured medium featuring photonic bands and, remarkably, the emergence of a spectral region where light propagation is inhibited, known as photonic bandgap (PBG) [41] . By engineering the design of these peculiar metamaterials, it is possible to achieve extremely high values of field enhancement with a consequent improvement of the light-matter interaction. This feature, achieved in resonant and non-resonant PhC-based structures, provides benefits in a wide range of applications, such as nanolasers [42] , frequency conversion [43] , [44] , all-optical switching [45] , cavity QED [46] , and nonlinear photonics in general. Specifically, light-matter interaction can be enhanced in non-resonant structures via structural slow-light in PhC waveguides [47] , while optical microcavities based on point defects in 2-dimensional PhCs provide a way to resonantly enhance the nonlinear interaction by confining the field to diffraction limited mode volumes (V) with extremely high quality factors (Q).
A. Photonic Crystal Waveguides
With the aim of exploiting the large nonlinear response of the Si-rich silicon nitride, we employed this material for the fabrication of PhC waveguides [48] and high-Q PhC microcavities [49] , [50] . The PhC membrane was obtained in a 300 nm thick film of material with a refractive index n = 2.48 patterned with a triangular lattice of air holes of period a = 580 nm and radius r = 0.3a. This choice of parameters provided a 210 nm wide PBG centered at 1475 nm and extending over the full III window of telecom wavelengths, as predicted by plane wave expansion (PWE) calculations and later confirmed experimentally. The deposited film was patterned by means of electron beam lithography combined with an inductively coupled plasma reactive ion etching (ICP-RIE) process and then suspended by wet etching of the silicon substrate in a Tetra-methyl-ammonium hydroxide (TMAH) aqueous solution.
The PhC waveguides were implemented by introducing a line defect, consisting of a removed line of holes in the Γ-K direction (W1 waveguide). In this structure we demonstrated a maximum group index of over 110, although the best value of n g was associated to extremely high scattering losses (>100 dB/cm). A group index n g = 37 was reported in combination with a more acceptable value of propagation loss of 53 dB/cm. Given the small length of the devices, this value points to a good performance for applications such as integrated delay lines and nonlinear photonic devices based on slow-light. By tailoring the width of the PhC waveguide, we were able to achieve a region of low propagation loss (4.6 dB/cm) and group index n g = 7.4 over a bandwidth of over 70 nm. Since the intensity enhancement provided by slow-light is expected to scale proportionally with the group index n g [51] , PhC waveguides provide a way to exploit effectively the improved nonlinear properties of the TPA-free, silicon-rich nitride material in a compact device footprint.
B. Photonic Crystal Cavities
PhC cavities provide one of the most effective ways to enhance light-matter interaction, with immediate advantages for nonlinear applications. The intensity enhancement effect is expected to scale with the ratio Q/V, which in this kind of structures is among the highest reported in the literature enabling to exploit nonlinear optical processes even at extremely low input power and continuous wave (CW) regime [52] . The applications of PhC cavities to nonlinear optics have been widely studied in the field of silicon photonics [53] , where TPA is however detrimental for practical applications. Here we report the implementation of PhC cavities in Si-rich silicon nitride and briefly review their application for low-power, on-chip frequency conversion via second-and third-harmonic generation.
We designed our PhC cavities [49] starting from a W1 waveguide patterned with the geometry described in the previous section, where specific holes where shifted away from the waveguide in the transverse direction (color-marked holes in Fig. 12(a) ) by ΔA = 15 nm, ΔB = 10 nm and ΔC = 5 nm. This design, known as A1 cavity [54] , leads to a Q factor as high as 520,000 and a mode volume V = ε|E| 2 d 3 r/ max{ε|E| 2 } = 0.77(λ/n) 3 , as estimated from finite-difference time-domain (FDTD) simulations, almost diffraction limited and yet unparalleled by traveling-wave resonators such as microrings or microtoroids. We characterized the fabricated devices ( Fig. 12(b) ) by means of resonant scattering (RS) technique [55] , through which we measured intrinsic Q factors ranging from 71,000 to 122,000 ( Fig. 12(c) ). The discrepancy with the numerical estimate is mainly due to the residual linear absorption of the material, which limits the maximum ring-down time of the cavity mode.
In order to probe the nonlinear optical properties of these structures, we produced samples optimized for efficient second-and third-harmonic generation (HG) [50] . By appropriately adjusting the radius of specific holes (marked bold in Fig. 12(a) ) [56] , we were able to tailor the coupling efficiency η c = P coupled /P incident of a Gaussian transverse optical mode orthogonally impinging from free space on the device. Here, the efficiency of the n-th order HG process is predicted to scale as the figure of merit (η c Q/V ) n . For this reason, we chose a value of Δr = +12 nm for our far-field optimization, leading to a coupling efficiency as high as η c = 30%. With this strategy, we reduced the Q factor of the cavity to 12,000 but we maximized at the same time the figure of merit for frequency conversion. The wide bandgap of the material provides transparency at the second harmonic (SH) wavelength (for our experiments, λ SH = 771 nm, with pump in the telecom band resonant with the fundamental cavity mode). A near-field image of the generated SH is depicted in Fig. 12(d) . Despite the amorphous nature of the bulk material yields a negligible χ (2) nonlinear response, the SH generation process is here still appreciable thanks to the breaking of inversion symmetry provided by the presence of multiple interfaces air/dielectric [52] . The simultaneous generation of third harmonic (TH) is also observed, although the strong linear absorption of the material at λ T H practically limits the applications of the process. From calibrated measurements of the generated SH and TH power, we estimated the efficiency of the SH and TH generation processes to be respectively ρ SH = P SH /P 2 coupled = (4.7 ± 0.2) × 10 −7 W −1 and ρ T H = P T H /P 3 coupled = (5.9 ± 0.3) × 10 −5 W −2 . Remarkably, our results highlight the absence of TPA, overcoming the limitations of narrow bandgap materials for nonlinear applications in a CMOS-compatible platform.
VI. NOVEL MATERIAL INTEGRATION
Although silicon nitride is a flexible material [57] , [58] , it exhibits different challenges that need to be addressed such as its lack modulation mechanism. This situation has driven interest in hybrid silicon photonic devices in which optical functionality is provided by a secondary material, such as 2D materials [59] , liquid crystals [60] , metals [61] , electro-optic polymers [62] [63], germanium [64] , and optical phase change materials [PCMs] [65] [66] [67] . This section presents the large scale integration of novel materials on SiN devices including experimental work integrating O-PCMs for a variety of functionalities.
Optical phase-change materials (PCMs) have emerged as a unique class of materials that have two phases (amorphous and crystalline) that exhibit large changes in their optical properties (Δn > 1, Δκ ∼ order of magnitude). These two phases are reversible making PCM promising candidates to address non volatile re-configurability [68] , [69] . The phase change can be induced thermally, optically or electrically and in all cases high-speed switching can be achieved (∼ns) [70] , [71] . The most widely studied PCMs are transition metal oxides and chalcogenid-based alloys. These materials have been exploited for a variety of tunable photonic applications ranging from smart windows [72] to metamaterials [73] . The combination of SiN waveguides and PCMs can lead to ultrafast non volatile re-configurable technology for optical communications applications [74] , [75] .
A large scale fabrication process for re-configurable integrated devices based on phase change materials has been demonstrated ( Fig. 13) . A variety of integrated devices, including waveguides and MZI, were fabricated on a 600 nm thick N-rich SiN x layer with a refractive index of 1.92 (λ = 1310 nm) deposited on 8 inch silicon wafers (200 mm) with a 2 μm thermally grown SiO 2 layer. The device layout was defined on the wafer using deep ultraviolet lithography and transferred to the SiN layer with ICP etching. Once the devices were fabricated, the wafer was diced into samples to create windows using electron beam lithography with a MMA+PMMA photoresist for the deposition of the phase change material. These windows had different lengths varying from 2 to 10 μm in order to change the length of the PCM patch deposited on top of the structures. After developing the resist, the GST phase change material was sputtered on top of the samples and the MMA+PMMA resist was removed to create the PCM patches as shown in Fig. 14. By changing the state of the PCM from amorphous to crystalline, it is possible to induce an effective index change that enables the realization of switches. In this work, an optical switch based on a MZI has been demonstrated for the O-band. The arms of the MZI consisted of 700 × 600 nm strip waveguides with a length difference of 40 μm. A 5 μm GST patch was deposited on the longer arm of the MZI and the response of the device was characterized using a laser source with a wavelength tuning range between 1260 and 1320 nm. The state of the PCM patch was then changed during the deposition of a PECVD oxide cladding at a temperature of 350 • C. Fig. 15 shows the response of the MZI for the amorphous and crystalline phase of the PCM patch. It can be observed that the device acts as a switch in the O-band with an extinction ratio of 10.7 dB at 1295 nm and overall insertion loss of 5.5 dB.
VII. THE 2 μM WAVELENGTH REGIME
As the data traffic increases, current telecommunications are approaching the capacity limit of conventional single mode fibres that operate in the O and C wavelengths bands. As a result, there is an increasing interest in wavelength ranges in which new technologies can be implemented to help overcome this limitation. The 2 μm wavelength range has received particular attention as it benefits from the emergence of thulium-doped fibre amplifiers and hollow-core photonic bandgap fibres whose gain window and low loss (0.1 dB/km) is centred around 1900-2100 nm [76] [77] [78] . In this context, silicon nitride is a material that has potential for applications in this new wavelength regime as it is transparent well within the limits of the 2 μm wavelength band. In addition, it has the potential to exhibit a low thermo-optic coefficient and low propagation losses which are essential to demonstrate efficient devices with high tolerance to temperature variations.
To probe the performance and extend the use of our low temperature SiN platform to this emerging wavelength regime, we have designed single-mode waveguides optimised to operate at 2 μm. As illustrated in Fig. 16 , the thickness of the waveguide core is bigger compared to the thicknesses typically used for the O and C (300-700 nm) wavelength bands in order to accommodate the mode of the longer wavelength. The waveguides were fabricated on a 1000 nm N-rich SiN layer grown on 8" wafers with a 3 μm thermal SiO 2 using the process described in Fig. 2 . Again, the buried oxide is 1 μm thicker than the one used at shorter wavelengths to ensure that there is no power leakage towards the substrate.
As shown in Fig. 16 , the propagation loss of the designed waveguide was determined using the cut-back method. The loss was estimated to be 3.0 dB/cm with an air cladding. This value decreased to ∼1.5 dB/cm when the waveguides were covered with a SiO 2 cladding. We believe that the increased roughness of the thicker waveguide is a big contribution to the measured loss with air cladding. A more detailed study needs to be conducted to rule out other sources of losses and to optimise the material structure for this new wavelength. However, we have proved that there is potential to use the SiN platform for the fabrication of integrated devices for telecommunication and even sensing applications in this wavelength regime.
VIII. CONCLUSION
In this work, we have shown the flexibility of our low temperature silicon nitride platform and how its linear and nonlinear properties can be tailored for a wide variety of applications. We have demonstrated that with N-rich SiN it is possible to realise efficient CWDM devices with a low sensitivity to fabrication errors and high tolerance to temperature variations (∼20 pm/ • C). In a similar manner, we have shown that dispersion-engineered Si-rich SiN waveguides have enhanced nonlinear properties that can be used for all optical wavelength conversion of modulated signals with negligible signal degradation (BER ∼10 −6 ). Additionally, we have demonstrated photonic crystal waveguides that provide and efficient way to exploit the improved non-liner properties of Si-rich SiN, along with second-and third harmonic generation in photonic crystal cavities with no saturation effects related to two-photon absorption. We have introduced the integration of SiN with phase change materials to demonstrate more advance functionlaties such as switching that can be further extended to realise modulators. Finally, we have examined the propagation losses of N-rich SiN for applications at 2 μm.
Hopefully, the topics discussed in this work will serve to boost the usage of SiN for many other photonic applications and to push forward its use in complex photonic integrated circuits where it can be combined with other materials to tackle some of the challenges that CMOS based integrated photonics will need to address in the 21st century. 
